Structural magnetic resonance imaging (MRI) data have provided much evidence in support of our current view that schizophrenia is a brain disorder with altered brain structure, and consequently involving more than a simple disturbance in neurotransmission. This review surveys 118 peerreviewed studies with control group from 1987 to May 1998. Most studies (81%) do not find abnormalities of whole brain/intracranial contents, while lateral ventricle enlargement is reported in 77%, and third ventricle enlargement in 67%. The temporal lobe was the brain parenchymal region with the most consistently documented abnormalities. Volume decreases were found in 62% of 37 studies of whole temporal lobe, and in 81% of 16 studies of the superior temporal gyrus (and in 100% with gray matter separately evaluated). Fully 77% of the 30 studies of the medial temporal lobe reported volume reduction in one or more of its constituent structures (hippocampus, amygdala, parahippocampal gyrus). Despite evidence for frontal lobe functional abnormalities, structural MRI investigations less consistently found abnormalities, with 55% describing volume reduction. It may be that frontal lobe volume changes are small, and near the threshold for MRI detection. The parietal and occipital lobes were much less studied; about half of the studies showed positive findings. Most studies of cortical gray matter (86%) found volume reductions were not diffuse, but more pronounced in certain areas. About two thirds of the studies of subcortical structures of thalamus, corpus callosum and basal ganglia (which tend to increase volume with typical neuroleptics), show positive findings, as do almost all (91%) studies of cavum septi pellucidi (CSP). Most data were consistent with a developmental model, but growing evidence was compatible also with progressive, neurodegenerative features, suggesting a "two-hit" model of schizophrenia, for which a cellular hypothesis is discussed. The relationship of clinical symptoms to MRI findings is reviewed, as is the growing evidence suggesting structural abnormalities differ in affective (bipolar) psychosis and schizophrenia.
Introduction
". . . We thus come to the conclusion that, in dementia praecox, partial damage to, or destruction of, cells of the cerebral cortex must probably occur, which may be compensated for in some cases, but which mostly brings in its wake a singular, permanent impairment of the inner life (Kraepelin, 1919 (Kraepelin, /1971 ".
The window on the brain provided by structural imaging has transformed our view of schizophrenia to one which views the very structure of the brain as altered, a view echoing Kraepelin's prescient statement. Beginning with Johnstone's (1989) computed tomography (CT) findings of enlarged ventricles (which actually confirmed earlier, more anecdotal pneumoencephalographic studies), subsequent reports using magnetic resonance imaging (MRI) have provided key information detailing volume reductions in particular brain regions of interest (ROI). These data have provided the major evidence in support of our current view that schizophrenia is a brain disorder with altered brain structure, and consequently involving more than a simple disturbance in neurotransmission.
Scope of This Review
This review provides an overview of structural MRI findings in schizophrenia over the past decade, beginning in 1988, when major improvements in technology occurred, and ending in May 1998. It builds on, and updates our earlier review . Because of the large number of studies cited, more than 170, we use a table to present, for each ROI, the number of studies with positive and negative findings. The text itself summarizes the findings and their implications for each ROI, but space constraints do not allow us to describe each individual study. To qualify for inclusion in the review, studies must have: 1) appeared in peer-reviewed journals; 2) had 10 or more subjects; 3) have included a control group; 4) had quantitative measurements; and 5) have included schizophrenic patients as a major focus. This review counts the same group of subjects only once for each ROI in those cases where the same subjects appear in more than one paper, such as, for example, where schizophrenics in one paper are contrasted with controls and with another pathological group in a separate publication.
Some discussion of the scope of this review may be useful. First, while we believe our conclusion about quality of studies improving after 1987 is generally true, this neglects the pioneering study of Andreasen et al (1986) , the first quantitative controlled study of adequate sample size, which may be regarded as ushering in the "next generation" of MRI studies. Other quality studies may also have been omitted, but a rule setting the starting point in a technologically rapidly changing field is needed, although we acknowledge any date so selected is somewhat arbitrary.
Second, we need to comment on the tabular presentation of the studies in Table 1 . One broad approach for reviews is to survey the literature, and then to provide an informed opinion as to the summary trends and findings, with specific citations to drive home the points. Most reviews, in fact, adopt this approach; however, we note that using such an approach leads to much of the review's summarizing process remaining opaque to the reader, who, without reading the literature, cannot formulate a judgment of the accuracy of the review's conclusions based on the data presented. We thus decided to present a summary of the studies in tabular form, to assist the reader in forming an independent conclusion. We further decided to summarize the results of studies in terms of whether each study did or did not report an abnormality for a particular ROI.
A possible alternative to the comprehensive survey of studies in our review is meta-analysis, which essentially involves weighting each individual study by a function of its N and effect size, and then using this information to produce an estimate of the combined effect size (see Glass et al 1981; Hunter and Schmidt 1990; Petitti 1994; Rosenthal 1987 ). While we are quite sympathetic to the desire to use all of the information in studies, we note that the combination of all of the studies surveyed here in a region-by-region meta-analysis would be premature, potentially misleading, and, at worst, invalid, since: 1) MR scanner technology in the past decade has been changing rapidly, and studies are therefore not quantitatively comparable; 2) the extent of detailed (anatomically based ROI) information used in measurement of images varies; 3) there is a wide difference in moderator variables of subject gender, chronicity (age of onset), medication, parental SES, etc.; and finally, 4) meta-analysis, especially of MRI studies, is beset with the difficulty of estimating the number of studies with negative findings that did not get published [Rosenthal's "file drawer" problem (1987) ].
We concluded that, for a review of this broad a scope, covering more than a decade and all published studies, meta-analysis was not the most appropriate approach, as it would yield a false sense of numerical exactness. We suggest that one cannot simultaneously do a comprehensive review of a decade of studies, the goal of this review, and also perform a valid meta-analysis, unless the variables 1 to 3 above have remained constant, a constancy for which there is little evidence. We, nonetheless, are sympathetic to readers who would like some more quantitative information and for this reason we have provided a table of subject N for each study in a summary table. It will be clear that the statistical power of negative studies with small subject N is less, and that their results consequently are less convincing than those negative studies with a larger N. We also, following a suggestion of Rosenthal (1987) , computed the probability of the observed positive and negative statistical findings, using a two-tailed probability, and the alpha level of p Ͻ .05 of the studies. The reader will note that this procedure, like the more standard meta-analyses, assumes comparability of the studies with respect to measurements and subjects, although it does not assume normality of the distributions. We use this probability statistic with caution, since, in our opinion, it is hazardous to assume that the studies are comparable in methodology and subject characteristics; however, it may be of interest to the reader that, if one does assume comparability, the binomial theorem computation (using p Ͻ .05 for a positive study) shows that all ROI surveyed in Table I show a two-tailed p Ͻ .05 for the number of positive studies, except for the fourth ventricle and cerebellum, and all ROI are less than or equal to .002 except for the occipital lobe (.004). Again, we urge caution on use of this probability estimate because comparability is not strict and an (unknown) percentage of studies with negative results may not get published.
This review begins with a description of what structural MRI can tell us about schizophrenia, followed by a description of what we consider to be important design features of an MRI study, and then by a review of the MRI findings to date in schizophrenia.
Structural MRI provides information about gray and white matter parenchyma of the brain, and cerebrospinal fluid (CSF)-filled spaces. This capability is new with MRI studies (the first MRI study of schizophrenia was done by Smith et al 1984) , and represents an important advance over CT studies which poorly visualize parenchyma and cannot differentiate gray and white matter. This graywhite differentiation is important for schizophrenia studies, since abnormal tissue classes (tumors, infarcted areas, etc.), which may be detected by CT, have not been found to characterize schizophrenia. The term "Structural MRI" is used to differentiate it from "functional MRI" (fMRI), where indices of short-duration change, such as blood oxygenation, are used.
Our use of the term schizophrenia is in the sense of a syndrome and not a single disease entity. The current major questions about this syndrome include:
1. What are the brain changes in this disorder? Which areas of the brain are affected?
2. At what life stage do brain abnormalities occur and are they static or progressive?
Are they developmental (pre-and peri-natal) and/or progressive?
3. What is the cause of the brain changes? 4. How are brain abnormalities related to clinical symptom abnormalities? 5. Are brain findings in schizophrenia distinct from those in affective psychosis?
6. What are the most effective treatments? Is treatment neuroprotective?
Structural MRI studies of schizophrenia have the potential of addressing all of these questions, although the space available for this review allows a detailed answer only to the first question, with but briefer discussions of the other questions. We also note that the long duration that would be required to document the possible effects of treatment on MRI structural brain changes has made it more difficult for the field to address this question, and we will not cover it in this review, although the evidence for progressive changes raises the important issue of whether pharmacologic and other treatments might diminish neurodegenerative processes.
What are the Desirable Features of a Structural MRI Study?
Our tabular presentation of positive or negative findings does not comment on the desirable technical features and quality of the studies. The summary statements and conclusions in the text, however, do take the these features into account as a factor in our conclusions. Since we think this issue of benchmarks for quality is important, we here briefly summarize the features that we used to evaluate the studies reviewed, and which the reader may also find useful:
Thinner is Better
Smaller units of volume analysis (called voxels, for volume element) allow for more precise determination of the irregular contours of brain regions, by reducing the voxel mixing of the desired region with neighboring structures in the voxel. A group of voxels with this mixing is termed a "partial volume." Many earlier studies used MRI acquisitions with "gaps" in between slices, with interpolation used to estimate the volume in the "gap"; this obviously limits precision of measurement. Thus studies with thinner slices, and no gaps between slices, will likely lead to more precise MR morphometric volume measures.
Quantitative Versus Qualitative Analysis
Early studies relied on subjective, visual ratings of abnormalities. There is now general agreement that computation of volumes of the ROI examined is essential. When raters are used, as is generally the case, inter-rater reliability is important, and should be r Ն .85. Moreover, the ROI should be objectively and clearly defined, so that others can measure the same entity. Such objectively defined criteria should include detailed specification of the internal landmarks used to define each ROI.
Segmentation involves sorting the tissue classes into gray matter, white matter, or CSF. It seems to us that all studies of cortical gyri should, whenever possible, separate gray and white matter in the analysis, as this is a fundamental distinction in brain tissue; however, not all studies distinguish between gray and white matter, often rendering comparison between studies problematic [e.g., as discussed below, it is difficult to compare measures of superior temporal gyrus (STG) assessed using gray matter volume versus STG assessed using both gray and white matter volume]. Finally, segmentation is often automated or semi-automated, but, unfortunately, there is no agreed upon gold standard for the quality of segmentation, since "phantoms" with known composition do not reflect the complexity of the outlines of brain gray or white matter, and post-mortem estimates of tissue and fluid volumes may not exactly parallel those in vivo. (For a more complete discussion see Kikinis et al 1990 Kikinis et al , 1992 .
Quality of Imager and Post-Acquisition Processing
The quality of the MR scanner is also important and should include technical assessments such as the homogeneity of the magnetic field, which greatly influences the post-processing segmentation of tissue into different tissue components. Day to day assessment of inhomogeneities in the magnetic field are thus a critical quality assurance feature for the quality of the MR scans, and, consequently, also the quality of the post-processing of MR images. Most modern imagers have magnetic fields of 1.5 Tesla or greater, important for signal-to-noise ratio. Additionally, post-acquisition filtering may improve signal to noise ratio . Gur et al 1994 Gur et al , 1998 Jernigan et al 1991; Nasrallah et al 1990 Ϫ Barta et al 1990 Blackwood et al 1991; Breier et al 1992; Buchanan et al 1993; Colombo et al 1993; DeLisi et al 1991 DeLisi et al , 1992 Dauphinais et al 1990; Flaum et al 1995b; Harvey et al 1993; Hirayasu et al 1998a; Johnstone et al 1989; Kawasaki et al 1993; Kelsoe et al 1988; Nopoulos et al 1995; Reite et al 1997; Rossi et al 1990b Rossi et al , 1994b Shenton et al 1992; Schlaepfer et al 1994; Sullivan et al 1998; Vita et al 1995; Zipursky et al 1992 Zipursky et al , 1997 A. Lateral ventricles 77 23 43 33 10 ϩ Andreasen et al 1990 Andreasen et al , 1994b Barr et al 1997; Becker et al 1990; Bogerts et al 1990; Bornstein et al 1992; Buchsbaum et al 1997; Corey-Bloom et al 1995; Dauphinais et al 1990; Degreef et al 1990 Degreef et al , 1992a DeLisi et al 1991 DeLisi et al , 1992 Egan et al 1994; Flaum et al 1995b; Gur et al 1994; Harvey et al 1993; Johnstone et al 1989; Kawasaki et al 1993; Kelsoe et al 1988; Lauriello et al 1997; Lim et al 1996; Marsh et al 1994 Marsh et al , 1997 Nasrallah et al 1990; Nopoulos et al 1995; Rossi et al 1988; Stratta et al 1989; Suddath et al 1989 Suddath et al , 1990 Sullivan et al 1998; Vita et al 1995; Zipursky et al 1992 Ϫ Blackwood et al 1991 Colombo et al 1993; Hoff et al 1992; Jernigan et al 1991; Rossi et al 1990b Rossi et al , 1994b Schwarz et al 1992; Shenton et al 1991 Shenton et al , 1992 Rossi et al 1988 Rossi et al , 1989b Rossi et al , 1990b Rossi et al , 1991 Suddath et al 1989 Suddath et al , 1990 Sullivan et al 1998; Woodruff et al 1997a; Woods et al 1996; Zipursky et al 1992 Ϫ Becker et al 1990 Bilder et al 1994asym; Blackwood et al 1991; Colombo et al 1993 Each study is cited by first author and year. "asym" following the year indicates finding was one of asymmetry difference only. Planum Temporale citations are mainly of asymmetry differences and do not use the "asym" qualifier. What are the Structural MRI Brain Abnormalities in Schizophrenia? Table 1 provides a summary of the post 1987 literature, and Table 2 provides a list of the subject N by diagnostic category for the studies presented in Table 1 . It must be emphasized that there are substantial methodological variations between studies, some using a few thick slices for estimation of volumes, and others using thin-slice, smallvoxel measurements. As noted above, our text evaluation of the findings for each ROI takes into account the quality of the studies as well as the "majority vote" outlined in Table 1 , which should be referred to for each of the sections below. Figure 1 illustrates some of the ROI that have been most intensively studied in schizophrenia. An important question that arises in reviewing MRI studies is: Why do different studies of the same region have different findings? One likely major source is variation in the subject populations. Our impression is that an equally important factor is different definitions of ROI by different investigators. Other factors include the use of different scanners and acquisition protocols, as well as other methodological and technical differences, such as segmentation algorithms (algorithms that simultaneously work on the entire set of images are to be preferred over algorithms that process each slice individually). Future work can profitably try to reduce the variation in subjects by using selected populations imaged at similar points in the time course of the disorder and similar clinical symptom profiles. ROI definitions similar to those of previous studies should be used, if possible. Finally, as the quality of imaging equipment and segmentation algorithms becomes more standard, these technical variations will, we believe, account for less of the variance.
Whole Brain Volume
We conclude that there is little evidence for whole brain differences between schizophrenia and control populations. Only 19% of the 31 studies found whole brain volume differences, with four finding decreases and one study an increase. More methodologically advanced studies tend to find less difference.
CORRECTING FOR WHOLE BRAIN/INTRACRANIAL

CONTENTS (ICC) DIFFERENCES IN SUBJECTS.
Subjects may differ in brain and ICC volume independently of diagnosis for a psychiatric disorder, such as the wellknown difference between men and women. Thus, corrections for ICC are standard in the field. This is usually done in either of two ways. The first method is to divide a particular ROI by the intracranial contents [i.e. (ROI/ICC], as is used in the ventricle/brain ratio measurement. The second method is to use regression-adjusted volumes, correcting the raw volumes in a population by the regression description of the relationship of the ROI volumes to ICC volumes in the appropriate control population. We find it useful for studies to report both corrected and raw (absolute) ROI volumes, since absolute volumes provide additional information needed by the reader in comparing ROI definitions.
Ventricles
The evidence is strong for a difference in lateral ventricle size, somewhat positive for third ventricle and zero for fourth ventricle size. LATERAL VENTRICLE. Fully 77% of the 43 MRI studies report enlarged lateral ventricles, the most studied brain feature in the studies reviewed here. This 77% is about the same as the earlier literature on CT studies (75%). Moreover, even those studies not reporting overall ventricular enlargement often report enlargement in the temporal horn of the lateral ventricles (e.g., Shenton et al 1992 which is listed as a negative in Table 1 ).
THIRD VENTRICLE.
A two-thirds majority of studies (67%, 16 of 24) report third ventricle enlargement.
FOURTH VENTRICLE. None of the 3 studies described differences from controls.
As we move to descriptions of brain parenchymal change, we will group studies by brain lobe, although, as will be discussed later, alterations in one lobe are often not independent of changes in other lobes. 
Temporal Lobe
The main functional subdivisions within the temporal lobe include:
SUPERIOR TEMPORAL GYRUS. This includes: 1) Primary and secondary (association) auditory cortex, providing initial analysis of auditory signals; and 2) A languagerelated area in the posterior superior temporal gyrus, the planum temporale. Language function is usually leftlateralized in right-handed individuals.
MIDDLE AND INFERIOR TEMPORAL GYRI.
These are linked to further processing of sensory stimuli, both auditory and visual. Some neurons in this area may be selectively responsive to complex and species-specific features, such as faces.
MEDIAL TEMPORAL LOBE STRUCTURES. 1) Hippocampus and adjacent (parahippocampal and entorhinal) cortex are involved in laying down and retrieval of long-term memory through interconnections with neocortical areas; and 2) The amygdala is thought to be involved in emotion-related aspects of behavior, memory and learning. It may provide the emotional valence associated with memories and facilitate coding.
Because of temporal lobe links to auditory and language processing and the presence of thought disorder and auditory hallucinations as some of the main features of schizophrenia, the temporal lobe has been evaluated in numerous studies, and it is the brain lobe with the most consistently reported positive structural MRI findings. WHOLE TEMPORAL LOBE. The 37 studies of whole temporal lobe (i.e. all structures lumped together) showed 62% with positive findings. The higher percentage of abnormalities in specifically defined ROI of Medial Temporal Lobe and superior temporal gyrus, as described below, suggests a non-diffuse distribution of temporal lobe structural changes.
MEDIAL TEMPORAL LOBE.
Evaluating one or more of these structures (hippocampus, amygdala, parahippocampal gyrus, entorhinal cortex) led to positive findings in 77% of the 31 studies, one of the higher ROI percentages of abnormalities.
STG. The neocortical structure of superior temporal gyrus has recently been the subject of a number of studies, driven by the report of Barta et al (1990) that a reduction in volume in the anterior region was associated with hallucinations and our report that the gray matter volume reduction in posterior STG was associated with thought disorder. Overall, 80% of the 15 studies showed abnormalities, the highest percentage of any cortical ROI.
Examination of the studies that did and did not separate gray from white matter is instructive, since all 7 of the studies evaluating gray matter found volume reductions, while a smaller percentage, 67%, of the 9 studies lumping gray and white matter found abnormalities in schizophrenia. It is of note that comparisons of STG white matter alone indicated no differences, although the same studies reported gray matter abnormalities (Menon et al 1995; Hajek et al 1997) . These data seem to support our opinion that studies of cortical gyri should separately evaluate gray and white matter. Studies subdividing the STG into anterior and posterior regions have somewhat less interstudy agreement on which portion(s) are abnormal, likely due, at least in part, to differing definitions of subregions.
THE PLANUM TEMPORALE. This literally means the "temporal plain", and was originally defined on the basis of its surface appearance in whole brain specimens. It includes the posterior portion of the STG. Most (N ϭ 5) of the 8 studies in the literature report abnormalities in schizophrenia. Barta et al (1997a) review in some detail methodological and definitional differences between studies, which may account for differences in findings. Because most of the studies focus on reversal of asymmetry Figure 1 . Illustrations, in healthy subjects, of brain Regions of Interest (ROI) frequently examined in schizophrenia. A: Left lateral view of a three-dimensional reconstruction of the prefrontal gray matter (shown in peach) in relationship to the precentral and postcentral gyri (shown in purple). The blue line within the prefrontal gray corresponds to the posterior landmark used for delineation of the white matter. B: Ventral view of the same brain as in A, and illustrates the orbitofrontal cortex. C: Left lateral view of a three-dimensional reconstruction of the prefrontal white matter (defined as in A) in relationship to the ventricles (same brain as in A). Note that the temporal horns of the lateral ventricles are mainly "virtual spaces" in this healthy subject. The open space in the area of the third ventricle is occupied by the massa intermedia, the midline thalamus. D: Posterior view of the same white matter and ventricles as in Part C. A, B, C, and D are adapted from Wible et al (1995) . E: Left lateral view of a three dimensional reconstruction of the cortex, with pink indicating the anterior portion and red the posterior portion of the superior temporal gyrus (STG). F: SPGR coronal image (1.5 mm thick, 0.937x0.937 mm in plane voxels), showing the manually drawn outlines of regions of interest. This anterior-posterior location of this coronal slice is just posterior to the onset of the posterior portion of the STG in E, and is from the same subject. The regions of interest outlined are: the gray matter of the superior temporal gyrus (STG; subject left, red; subject right, green); more medially, the amygdala-hippocampal complex is shown (left, orange; right, blue) with the parahippocampal gyrus underneath (left, pink; right, purple). Adapted from Hirayasu et al (1998a) . 4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™ in schizophrenics from the usual L Ͼ R pattern, our table category of Planum Temporale includes studies with asymmetry differences without labeling them specifically, as is done for other ROI in the table.
Frontal Lobe
Schizophrenic subjects show cognitive and behavioral deficits that are frequently associated with frontal lobe damage in humans, such as deficits in performance of the Wisconsin Card Sorting Test, abnormalities in eye movement, and deficits in performance of spatial working memory tasks known to be impaired by frontal lesions in monkeys. Furthermore, both positron emission tomography (PET) and fMRI functional measures are often reported to be abnormal in prefrontal cortex in schizophrenia (see review in Wible et al 1995) .
Thus, there has been a considerable interest in structural MRI studies of the frontal lobe. While 55% of the 33 structural MRI studies of the frontal lobe have reported abnormalities, almost an equal number have not (45%). This may be because reductions in prefrontal volume in schizophrenia are just at the threshold for MRI detection, and hence whether statistical significance is found may depend heavily on the subject group evaluated. It is also notable that the highly quantitative post-mortem study of Selemon et al 1998 found only a small (8%) reduction in prefrontal cortical thickness, a reduction that was not statistically significant, although significant abnormalities in density of various cell types were present in schizophrenia. A reduction in cortical thickness would of course appear as a gray matter volume reduction in MRI. Furthermore, even if the 8% change in volume were statistically significant, it would be at the threshold for MRI detection. Thus, these post-mortem data would be quite consistent with the observed findings in MRI studies, since random variation in subjects and imaging technology could easily account for the nearly even split in findings. Our group's studies of whole prefrontal gray matter volumes (Wible et al 1995) found no mean differences between schizophrenics and controls; however, correlations of prefrontal volumes in schizophrenia with abnormal temporal lobe ROI volumes, and with negative clinical symptoms (Wible et al 1995) support our concept of the existence of a change in volume of prefrontal gray matter that may be subthreshold for MRI detection. It is also worth noting that evaluation of gray matter volumes of separately segmented frontal gyri has not yet been reported in schizophrenia, and it may be that this approach, for which the technical methodology has just been developed may show changes in volumes in some gyri but not in others.
Parietal Lobe
Of the 9 studies conducted, the number of studies reporting differences (44%) is nearly the same as those reporting no differences. Of the 4 studies with differences, only 2 were of volumes limited to the parietal lobe, while 1 included asymmetry differences. In general, the parietal lobe has not been studied in the same fine-grained detail as has the temporal lobe.
Occipital Lobe
As with parietal lobe, the findings are mixed. Three of the 7 studies report differences, while 4 do not. We are unaware of any gyral based ROI study for occipital lobe, an approach that has proved quite helpful in evaluating the temporal lobe.
Cortical Gray Matter Abnormalities in Schizophrenia: Diffuse or Localized?
In conceptualizing the etiology of brain alterations in schizophrenia, it makes considerable difference if one views the disorder as a generalized disorder of cortical gray matter, of equal intensity throughout, or whether the changes are (relatively) localized to one or several brain areas, in varying degrees of intensity. This issue was strongly raised by Zipursky et al (1992) who reported less gray matter volume in schizophrenic patients in all six cortical subregions, with all except one region attaining statistical significance (their regional definitions were geometric and were not based on sulco-gyral measurements). They concluded, "These findings have implications for studies of localized gray matter abnormalities and suggest that regional brain volume measurements need to be expressed in the context of possible widespread gray matter volume deficits in schizophrenia". Their early study however, had some technical limitations, including thick slices (5 mm) and gaps (2.5 mm), and no refined segmentation procedure. Subsequent work from this group suggests differentiation of the degree of regional loss, with Sullivan et al (1998) reporting significantly greater volume deficits in the prefrontal and anterior superior temporal gray matter than in the more posterior cortical regions. Zipursky et al (1997) , in another sample, found that gray matter volume deficits were significant in 8/12 cortical regions, but not in 4, also suggesting some localization.
One conclusion could be that the issue is largely semantic. If, by widespread, one means some changes in a number of regions, then the data support this conclusion. If however, it means diffuse and equal severity, the data do not support this. Table 1 shows that 6 of the 7 studies differentiating gray from white matter found evidence for localization of gray matter volume reduction. The four studies lumping gray and white matter in their measurements were evenly divided on localization, suggesting, as with STG, that gray-white matter differentiation is an important methodological advantage. Our conclusion is that there is very little evidence for diffuse gray matter changes in schizophrenia, and that some areas are more profoundly affected than others. Table 1 suggests that the temporal lobe gray matter of the STG and medial temporal lobe is especially affected. Pearlson (1997) has explicitly hypothesized that it is the heteromodal association cortex that is affected, cortex which includes dorsolateral prefrontal, inferior parietal, and superior temporal gyrus regions. This investigator functionally describes heteromodal cortex as a highly integrated, reciprocally interconnected system that coordinates higher order cortical functions. As described in Table 1 , Schlaepfer et al (1994) have data supporting gray matter volume reductions in all these areas, but the totality of data presented in Table 1 suggest that some domains of heteromodal cortex may be more affected than others and, further, that non-heteromodal cortex volume reductions are also present in the medial temporal lobe.
Subcortical Structures
THALAMUS. This structure has dense reciprocal projections with cerebral neocortex and with limbic structures, and forms a key part of the pathway for transmission of sensory information to cortex. Several theories have postulated its involvement in schizophrenia. Post-mortem studies have demonstrated neuroanatomical abnormalities in particular nuclei of the thalamus of schizophrenic patients (e.g., Pakkenberg 1987 for the medial dorsal nuclei), although the findings have been inconsistent.
Four of the 6 MRI studies reported thalamic abnormalities in schizophrenic patients compared to controls. Three of these positive studies were from the Andreasen laboratory, of which one study evaluated image intensity, not volume. The findings of the Andreasen et al study (1994a) of image intensity suggesting abnormalities in thalamic interconnections were actually compatible with a negative volumetric study in our laboratory, which found correlations between thalamic volumes and prefrontal white matter in the schizophrenic but not the control group (Portas et al 1998) .
CORPUS CALLOSUM. The corpus callosum is a midline structure of white matter tracts connecting the two hemispheres. Since, as shown above, there are abnormalities in cortical gray matter in schizophrenia, it is reasonable to suppose that the hemispheric cortical interconnec-tions might also be abnormal. As shown in Table 1 , two thirds of the 18 MRI studies listed have found abnormalities (the reader is cautioned that our review of studies of this structure is less complete than for other ROI). Most studies measure the overall area of the corpus callosum in the midsagittal slice while some additionally parcellate the corpus callosum into subdivisions. With only one slice to examine per MRI, the data are vulnerable to errors in alignment, slice thickness and choice of the "best midsagittal slice". It is also difficult to compare studies as measurements of thickness, shape, area of subsections and length of the corpus callosum are not consistent across studies. Gender needs also to be taken into account as the corpus callosum has been reported to show gender dimorphism in both shape and size. More studies, especially those that analyze shape (e.g., DeQuardo et al 1996) may help to clarify the presence of abnormalities in schizophrenia.
BASAL GANGLIA. These structures, because of their dopaminergic input and their function as a "multilaned throughway for separate streams of influence over the thalamus and motor structures . . . " (Goldman-Rakic and Selemon 1990), have been of great interest to schizophrenia researchers (e.g., Carlsson and Carlsson 1990; Swerdlow and Koob 1987) . There are now several studies showing an increase in volume in subjects receiving chronic "typical" neuroleptic treatment (see Table 1 ), an enlargement which appears to decrease when the "typical" is changed to an "atypical" neuroleptic (Chakos et al 1995) . Studies in subjects with minimal neuroleptic treatment tend to show no (Chakos et al 1994) or decreased (Ohnuma et al 1997) volume. Most of the negative finding studies were done using older technology (e.g., Kelsoe et al 1988; Young et al 1991; Mion et al 1991) .
CEREBELLUM. Modern functional studies suggest the cerebellum has a much greater role in cognition than the traditional view of its being involved with the planning and timing of movement. Recent evidence suggests that it also plays a role in higher cognitive functions, including timing of cognitive processes, and some structural MRI data in healthy controls is compatible with this hypothesis (Paradiso et al 1997) . As shown in Table 1 , MRI studies of the cerebellum in schizophrenia have yielded mainly negative results. Although the use of a single midsagittal slice of the vermian area, rather than volumes is problematic (e.g., Aylward et al 1994 Aylward et al , 1997 Nasrallah et al 1991; Rossi et al 1993) , the volumetric study of Andreasen et al (1994b) found no difference in total cerebellar brain tissue volume. Nevertheless, finer ROI subdivisions, such as of vermis and gray and white matter, might be useful. CAVUM SEPTI PELLUCIDI. The cavum septi pellucidi (CSP) is the space (cavum) between the two leaflets of the septum pellucidum, the translucent midline membrane separating the left and right lateral ventricles. In human normal development, 85% of individuals show fusion of the two leaflets within 6 months of life; since some normals show a small CSP, most studies define abnormality as a large CSP, usually 6 mm or more long (see Kwon et al 1998a for further discussion). Fusion of the CSP may be associated with growth of the hippocampus and corpus callosum, and incomplete fusion and the presence of a large CSP, may, in turn, reflect possible neurodevelopmental anomalies of the hippocampus and corpus callosum. Supporting this assumption is the finding of Nopoulos et al (1996) that the presence of a large CSP was associated with temporal lobe volume reduction. Similarly, Kwon et al (1998a) found negative correlations of ϳ0.6 between the extent of the CSP and the volume of the left and right hippocampus of schizophrenics. This neurodevelopmental anomaly has also been associated with poorer treatment response and outcome (Fukuzako et al., 1996a) .
Do the above abnormalities form subgroups of schizophrenic patients?
That is, do the abnormalities just described offer evidence for clusters of MRI abnormalities that, in turn, represent subgroups of schizophrenia? A later section of this review discusses general hypotheses (including those of our own group) that temporal lobe abnormalities may be associated with a subgroup of patients with positive symptoms, including formal thought disorder (disorganization) and that frontal abnormalities may be associated with more negative symptoms. Our opinion is that such subgroups are not yet strongly supported by the data. One of the major problems is that the time-consuming nature of ROI delineation is a major obstacle to defining ROI in enough brain regions in the same group of patients to define subgroups, i.e. to define which of the many possible ROI abnormalities tend to occur together. As discussed in the last section, use of automated methods for ROI definition may, in the future, make a systematic study of many ROI in the same subjects more feasible.
MRI Volume Alterations: Neurodevelopmental and/or Progression Over Time?
In responding to this question, perhaps the most important point to be made is that neurodevelopmental and progressive changes are not mutually exclusive, as emphasized by reports from an American College of Neuropsychophar-macology Satellite Meeting (1991) , and from the National Institute of Mental Health (NIMH)-sponsored Carmel Conference on Neuroimaging in Schizophrenia (summarized in McCarley et al 1996) . The Carmel Conference report described the major models for the longitudinal time course of schizophrenia as:
• Purely neurodevelopmental events (genetically programmed, infections, etc.)
• "Two hit" model, with progression of pathology after the onset of symptoms.
First Hit, Neurodevelopmental
Evidence includes: Temporal lobe sulco-gyral patterns are formed in the third trimester of gestation; pattern abnormalities in schizophrenics have been reported both by post-mortem studies (Jakob and Beckman 1986 ) and by in vivo MRI studies (e.g., Kikinis et al 1994) . The CSP data described above also support a neurodevelopmental origin. There have been only rare case reports of ventricular enlargement prior to the onset of psychosis, and consequently it is not known if they represent a usually undetected, although common, finding or may be quite unusual.
While pre-onset data are sparse, there are now an increasing number of reports of changes detectable at the onset of the first psychotic episode, and if one includes abstract reports, these include almost the full spectrum of MRI volume abnormalities reported in chronic patients. These include MRI volume increases and asymmetry alterations of the ventricular system (e.g., Degreef et al 1990 Degreef et al , 1992a DeLisi et al 1991 DeLisi et al , 1992 DeLisi et al , 1995 Lim et al 1996; Nopolous et al 1995) , asymmetry changes in cortical regional volumes (Bilder et al 1994) , gray matter volume reductions in cortex (Lim et al 1996) , in frontal lobe (Nopoulos et al 1995) , in STG , in hippocampus/amygdala (e.g., Bogerts et al 1990; Hirayasu et al 1998a) and abnormalities of the corpus callosum , planum temporale and CSP (Degreef et al 1992c) . It must be noted, however, that symptoms may have been present for months and even years before the first hospitalization, and that these findings do not necessarily imply a developmental origin.
Second Hit, Ongoing Changes After Onset of Symptoms
The initial data from longitudinal structural studies are compatible with the occurrence of progression of neuropathology over the early phases of the illness. A detailed survey of CT changes is beyond the scope of this review, but, while CT studies in general have found no progression, Garver (1997) has reviewed CT data, and has reached the still controversial conclusion that cross-study analysis of the CT ventricular brain ratio (VBR) literature supports a bimodal distribution of change in VBR over time. While about 75% of patients show no change over time, about 25% do show increased VBR, and Garver suggests this latter group may be suffering from a progressive form of the illness. (A more detailed review of both CT and MRI progressive changes is found in Anderson et al 1998) . From our laboratory, O'Donnell et al (1995) have described a rate of age-related increased P300 latency in schizophrenia compared with controls that are compatible with progressive neural alteration.
More recently, MRI data on parenchymal and CSF changes have become available. Gur et al (1998) , for example, evaluated 20 first episode and 20 chronic patients on whole brain CSF, whole frontal lobes, whole temporal lobes and found, after a mean rescan interval of 31 months, that frontal lobe volume significantly decreased in schizophrenics compared with controls. First episode patients had greater temporal lobe volume reduction than chronics, but both of these groups were not different from controls on this scan-rescan measure. DeLisi et al (1997) examined, in follow-up studies of first episode schizophrenics, the cerebral hemispheres, temporal lobe, medial temporal lobe, lateral ventricles, cerebellum, caudate nucleus, corpus callosum, and sylvian fissure. Repeat MRI scans done 4 or more years after initial scans, showed rate of volume decrease was greater in schizophrenics for left and right hemispheres, right cerebellum, corpus callosum segment, and ventricles. Earlier, Degreef et al (1991) had reported no change in cortical and ventricular volume over a 1-2 year rescan interval in 13 first episode patients. Longitudinal studies are an area of very active current work, and a number of preliminary findings (e.g., Hirayasu et al 1998b) are compatible with progression of gray matter changes; however, more data are needed to provide definitive evidence.
Possible Causative Agents/Mechanisms For Post-Onset Changes
There is a rapidly growing body of work that implicates abnormal excitatory amino acid (EAA) neurotransmission in schizophrenia (McCarley et al 1996 provides a review, with pointers to the literature). Although still quite controversial, this mechanism could be a possible cause of both developmental abnormalities (where EAA-mediated neural guide mechanisms are well known), and of ongoing, use-dependent cellular damage through excitotoxic effects. We note excitotoxic changes can involve reduction in dendritic neuropil as well as cellular loss, as shown by studies in the hippocampus, where excitatory amino acid release mediates stress-induced atrophy of apical dendrites, which likely involves disassembly of the dendritic cytoskeleton (McEwen and Magarinos 1997) . It is of interest that in Olney's animal model, the neurotoxic effects of the N-methyl-D-aspartate (NMDA) antagonist MK801 are maximal near young adulthood, the time of maximal risk of schizophrenia onset (Olney and Farber 1995) . Our basic science laboratory has used the in vitro rat hippocampus to study the basic recurrent inhibitory circuit: pyramidal cells activate GABAergic inhibitory neurons via NMDA receptors, and, in turn, are inhibited by GABAergic neurotransmission. We found that agents interfering with NMDA neurotransmission, such as 2-amino-5-phosphonovalerate (APV) and the endogenous substance N-acetyl-aspartyl-glutamate (NAAG, found to be increased in schizophrenics by Tsai and Coyle 1995) , differentially reduced recurrent inhibition as compared with the excitatory projections of hippocampal pyramidal cells. Thus, increased levels of NMDA antagonists would result in an overactivation of projection circuits, with potential neurotoxic effects. It may also have cognitive consequences. Using a realistic biophysical model of this circuitry, our lab (Grunze et al 1996) found that NMDA antagonists led to a consequent aberrant spread of activation during associative learning. We thus suggested that some schizophrenic symptoms, such as loose associations, are consistent with a failure of this recurrent inhibitory circuit and its analogs in neocortex. Further support for the role of NMDA receptors comes from the fact that NMDA antagonists, such as phencyclidine (PCP or "angel dust"), mimic both the positive and negative symptoms of schizophrenia and interact with dopaminergic neurotransmission (Lahti et al 1995) . EAA neurotransmission abnormalities do not, of course, exclude abnormalities of other neurotransmitters, and, indeed, current work indicates substantial dopamine-glutamate interaction.
The model of failure of recurrent inhibition is also compatible with the extensive body of work of Freedman and collaborators who have studied how blockade of the alpha 7 nicotinic receptor, localized to hippocampal interneurons, causes loss of the inhibitory gating of P50 response to auditory stimuli (Freedman et al 1994) . Support for this nicotinic receptor mechanism as a pathophysiological element in sensory gating deficits in schizophrenia comes from the finding of linkage of the P50 deficit to a polymorphism at the site of the alpha 7 receptor on chromosome 15 (Freedman et al 1997) . have developed a null mutation of the nicotinic alpha 7 subunit in mice, which apparently showed normal development and neurological function, but
have not yet been studied in vivo for subtle abnormalities, such as gating. These mice may prove useful for further elucidation of the in vivo functional role of this gene product. Kraepelin (1919 Kraepelin ( /1971 ) speculated that temporal lobe abnormalities might be the source of what today would be termed positive symptoms, while the frontal lobe might be the seat of more negative symptoms. This prediction, in general, has proven to be consistent with modern data. Space allows us here only a selective review of some of the correlations. The reader is further cautioned that in our discussion of associations, we are not claiming a "phrenological" exclusivity of function with any particular structure, rather, a description of a prominent influence since it is likely most symptom production will involve multiple brain structures. The reader is finally cautioned that significant clinical-MRI correlations are often highlighted in the results of studies, while absence of correlations may not be reported (the Rosenthal "file drawer" problem discussed earlier). Further studies are needed before the tentative associations described below can be described as on solid footing.
Association of MRI Abnormalities With Clinical Symptoms: A Selective Review
Temporal Lobe
The STG and medial temporal lobe structures are densely interconnected, and may be considered as linking memory and associations involving language and speech, particularly in the left (dominant) hemisphere. As we cautioned above, reports of correlations with one area should not be taken to exclude participation of other areas. SUPERIOR TEMPORAL GYRUS. The STG MRI abnormalities have been a rich source of correlations with schizophrenia clinical data. Barta et al (1990) described an anterior STG volume reduction associated with hallucinations; an hallucination-STG association was confirmed by Flaum et al (1995a) . Our lab has described an inverse association between left posterior STG volume and with formal thought disorder and delusions McCarley et al 1993) , a finding that was confirmed by Menon et al (1995) . Barta et al (1997a) also found reduced gray matter volume of the posterior STG (planum temporale) to be associated with thought disorder, and Marsh et al (1997) found that worse scores on Brief Psychiatric Rating Scale (BPRS)-Thinking Disturbance Factor were selectively associated with a smaller gray matter volume of the left posterior STG. Vita et al (1995) also found severity of thought disorder to be associated with de-creased left and increased right STG volume. Flaum et al (1995a) found positive psychotic symptoms in general to be associated with reduced whole STG volumes. Finally, these MRI abnormalities are consonant with reports of functional abnormalities in P300 in schizophrenia , PET studies (reviewed by Pearlson 1997) , attentional processes (Posner et al 1988) , and with hypotheses consonant with the view that abnormal asymmetries represent a genetic/developmental abnormality in schizophrenia (e.g., Crow et al 1989; Crow 1990a, b) .
MEDIAL TEMPORAL LOBE. Consistent with our descriptions of the anatomical interconnections, clinical correlations with altered medial temporal lobe volumes tend to parallel those of STG, in that they are associated with positive symptoms. For example, Bogerts et al (1993) reported a correlation between bilateral reduction in medial temporal lobe structures, as a whole, and the psychotic factor on the BPRS. Goldberg et al (1994) , in an evaluation of monozygotic twin pairs discordant for schizophrenia, reported a correlation between reduced volume in the left hippocampus and an increase in positive symptoms, as well as a disruption in logical memory in schizophrenic twins compared to non-schizophrenic twins. The 15 O H 2 O PET study of Silbersweig et al (1995) , points to the activation of the hippocampus in auditory hallucinations. Also consonant with STG-medial temporal lobe interconnections are the findings from our laboratory of an association between poor scores on verbal memory, abstraction, and categorization, and reduced volume (bilaterally) in both the parahippocampal gyrus and in posterior STG. They may possibly be related to a dysfunctional semantic system in schizophrenia. Similarly, O'Donnell et al (1993) , also from our laboratory, reported an association between reduced medial temporal lobe volume (as a whole), reduced left posterior STG, and reduced N200 amplitude, an event related potential associated with categorization of objects and events in the world.
Frontal Lobe
Functionally, the frontal lobe has been intensely studied and clear associations with functions disturbed in schizophrenia has been established, such as working memory; however, structural MRI-clinical correlations are sparse, perhaps due to the small extent of the frontal volume change and the failure to segment into gyri, which might have stronger correlations. In general, most investigators have postulated associations between frontal abnormalities and negative symptoms. Supporting this is our laboratory's finding (Wible et al 1995) of Scale for Assessment of Negative Symptoms (SANS) scores having a negative correlation with left prefrontal cortical white matter volume in schizophrenia; however, the picture is by no means clear, since many investigators find it difficult to correlate negative symptoms and frontal volumes and with some results suggesting the opposite, as Buchanan et al (1993) found that non-deficit patients had significantly smaller right and left total prefrontal volumes than did deficit patients.
Differences Between Schizophrenic and Affective Psychosis
One of the long-standing conundrums in psychiatry is whether the psychosis associated with mood disorder and that associated with schizophrenia represent different disorders or variants of a single disorder of psychosis that has somewhat different expressions. This question has proven difficult to resolve on the basis of clinical course alone, and there is a recent trend to use structural imaging to determine differences in the brain structure, the "endophenotype", of each disorder. Presently available data suggest a reduction in gray matter volumes in certain cortical and medial temporal lobe regions in schizophrenia, but not in bipolar disorder, or at least to the same degree. Hirayasu et al (1998a) , in our laboratory, focused on the temporal lobe and compared first psychotic episode subjects with schizophrenia and those with mood disorder with psychosis. The mood disorder patients were mainly bipolar, in a manic phase, and statistical results remained the same when the few psychotic unipolar subjects were excluded. There was no difference in ICC among the two patient groups and controls, but schizophrenics were different from the two other groups in having a smaller gray matter volume in the posterior portion of the STG, and a significant left Ͻ right asymmetry. Schizophrenics had medial temporal lobe volume reduction (posterior hippocampus) compared with controls, but affective psychotics had an intermediate volume reduction and were not statistically different from either group on this measure, but did show more left Ͻ right asymmetry than did controls. Pearlson and colleagues (1997) studied non-first-episode bipolar and schizophrenic subjects and also found STG and medial temporal lobe abnormalities in schizophrenics, but they used slightly different ROI definitions and had somewhat different localizations (bilateral entorhinal cortex, left amygdala, and anterior STG volume reduction). They, too, found an asymmetry alteration in posterior STG. The left amygdala was smaller and right anterior STG larger in bipolar but not in schizophrenia patients. This was the same group of schizophrenic subjects previously discussed in this review in the Schlaepfer et al (1994) paper, which also reported that bipolars did not have heteromodal cortex volume reduction. Global cortical gray matter volume did not differ among the bipolar, schizophrenic and control groups. Zipursky et al (1997) similarly found regional deceases in gray matter volume in schizophrenic but not bipolar non-first episode subjects, but, in their schizophrenia population, there was also a decrease in global gray matter volume. Harvey et al (1993) also noted a decrease in cortical volume in schizophrenics, but not in bipolars, who were not different from controls.
Meta-analytic comparisons by Elkis et al (1995) revealed statistically significant (p Ͻ.001) moderate composite effect sizes (d) for the comparisons of patients with mood disorders with controls on both ventricular enlargement (d ϭ .44) and sulcal prominence (d ϭ .42). Patients with schizophrenia had significantly greater ventricular enlargement than patients with mood disorders (p ϭ .002), but the effect size was small (d ϭ Ϫ.20). There were too few studies comparing these patient groups on sulcal prominence to support a quantitative meta-analysis. For further information on mood disorders and structural MRI, the recent reviews by Soares and Mann (1997) and by Steffens and Krishnan (1998) should be consulted.
The Future
The technical quality and the richness of information extracted from structural MRI studies have progressed considerably over the past decade. Additionally, new segmentation algorithms have improved the accuracy of tissue classification. Nonetheless, the major hindrance to anatomically-based studies of ROI is the labor-intensive nature of manually tracing ROI (the current gold standard), even with the assistance of semi-automated programs in defining voxels composed of gray matter, white matter and CSF. In many ways, our current technology is still much like that of monks' hand-copying manuscripts before the invention of the printing press. The next decade will likely see the development of sophisticated methodologies for the automated definition of ROI that are faithful to anatomically and physiologically-based divisions of the brain. Some of these techniques, such as "brain warping" of an atlas to match and thereby define features of subject brains, have already proven feasible for the basal ganglia (Iosifescu et al 1997) and thalamus (unpublished data from our laboratory). The definition of multiple ROI in the same group of subjects is also essential for determining how each ROI abnormality relates to other ROIs, and for the detection of any subgroups of schizophrenic endophenotypes by the presence of distinct patterns of clustering of ROI abnormalities. Furthermore, evaluating multiple brain regions in a large number of subjects will allow a further refinement of links between structural abnormalities and behavioral and cognitive manifestations of schizophrenia. Image analyses in the future, will also likely involve the description and comparison of ROI shapes in addition to volume measures, and new MRI-based technologies, such as MR brain diffusion tensor imaging techniques, will allow us to define white matter abnormalities by tracing the dynamics of water diffusion in axons. These innovations promise a further revolution in our understanding of the pathophysiology of schizophrenia.
